A thermoelectric device called a Peltier device is widely used in many fields. For example, the device is used for a cooling system such as in systems consisting of medical reagent coolants and refrigerators. However, controlling the device is difficult because thermal characteristics of the device change depending on its temperature. Notably, the amount of heat flow generated from the device varies with the amount of current applied. Therefore, a thermal nonlinear behavior has to be considered in a thermal model. Most studies do not consider the nonlinear characteristics and treat the device as a linear system. Therefore, robustness against disturbance is not high because of modeling error. This paper presents a heat disturbance observer considering the nonlinear characteristics of a Peltier device. Variable parameters depending on the temperature and current of the device are used, and a variable heat disturbance observer is proposed. The thermal model used in the proposed observer includes a few nonlinear elements such as Joule heat and heat flow inside the device. The objective of this study is to improve the response of a Peltier device. Some experiments were conducted to verify the validity of the proposed method. Besides, the effect of modeling error on the stability of the observer is discussed.
Intoroduction
A Peltier device is a thermoelectric element shown in Fig. 1 , and it is widely used in many fields. For example, the device is used for a cooling system such as in systems consisting of medical reagent coolants and refrigerators. In this study, the device is used as a control object, that the output is temperature monitored from thermocouple attached to the device and the input is current. It is useful because generated heat from the device called a Peltier effect can be controlled by a current and the device can be both heat source and coolant.
The method for controlling a Peltier device has been studied in many years. As a first step, temperature control of the device has been researched (1) (2) . In addition, the control method of considering human interaction has also been studied (3) . Temperature control technique using a quality of a material was also proposed (4) . A heat disturbance observer (HDOB) was proposed and it is possible to conduct robust temperature control against a disturbance (5) . Furthermore, the method of heat flow control has been studied (6) . A heat inflow observer (HIOB) for estimating a heat flow from outside of the device was also proposed (7) . Besides, both temperature and heat flow can be controlled using some control methods (8) (9) . By using the relationship between temperature and heat flow, the method that temperature responses are changed depending on an external heat flow has been proposed (10) . There are some studies about a human sensation analysis focused on evaluating a thermal sensation using multiple Peltier devices (11) (12) . Human spatial and temporal resolution of the thermal sensations are changed depending on the situation. For example, smaller temperature differences can be detected by extending an area of rendering the thermal sensation (13) . The literature (14) analyzed a relationship between a heated space and time duration of imposing the heat sources. Other studies (15) also analyzed a human body perception of coolness at changing temperatures from multiple dynamically located heat sources. Some methods were developed to deliver spatial and thermal sensation based on a phantom sensation using multiple heat sources (16) (17) . As for health care system, a Peltier device is not only utilized for controlling but also sensing. The literature (18) developed an interface which is mounted some multiple sensors such as glucose, lactate and temperature sensors. The flexible thermal devices for health monitoring were developed that can obtain an information of a physical condition (19) (20) . Furthermore, the flexible thermoelectric element used as a temperature sensor for multiple measurements was developed (21) . A Peltier device is composed of a metal and semiconductor, and there are three kinds of thermal resistances that a phonon boundary resistance (semiconductor), an electric boundary resistance (metal), and mixed boundary resistance (between semiconductor and metal). These resistances change depending on temperature or potential difference of c 2019 The Institute of Electrical Engineers of Japan. the device, and a Peltier device has a nonlinear characteristics (22) - (24) . However, most of studies use the device as a linear system. In other words, these methods do not consider that an amount of heat flow generated from the device with the amount of current applied. There are some conventional method that a heat flow generated from the device is treated as a quadratic equation of temperature (25) - (27) . The model of these methods are close to an actual device, however, change of characteristics has to be considered. This paper presents a heat disturbance observer considering the temperature characteristics of the Peltier device. Variable parameters depending on temperature and current of the device is used, and a variable heat disturbance observer (VH-DOB) is proposed. The thermal model used in the proposed observer includes a few nonlinear elements such as a Joule heat and heat flow inside the device. The objective of this study is to improve a robustness against a disturbance of the control system. Some experiments were conducted to verify the validity of the proposed method. In addition, a stability analysis of the observer is conducted.
Objective of the Proposed Method
The objective of this study is to improve robustness against a disturbance of the control system. The disturbance treated in this paper is modeling error including the parameter variation depending on a temperature change. The modeling error becomes large when the thermal parameter changes, and it sometimes has a negative influence to control system. It Fig. 4 . Experimental results of current control cannot be measured because the modeling error is not known. In response to this, the observer is used in this paper. The observer is defined as an algorithm for rejecting disturbance and compensating. Therefore, the control plant can be treated as a thermal model by using the disturbance. There is an HDOB that estimates a disturbance heat flow. In the conventional observer, disturbance includes modeling error of nonlinear elements such as a Joule heat. However, such a nonlinear element becomes dominant in case that heat cannot be radiated enough. The large modeling error delays the response speed of the device, and the proposed method focused on decreasing modeling error by considering nonlinear characteristics of the control target. Besides, it is limited to set a cut-off frequency of the observer because of the modeling error in the conventional one. In this paper, nonlinear elements such as a Joule heat and heat flow inside the device are considered in the model to decrease the modeling error from the nonlinear thermal behavior. By using the proposed method, it is expected to extend a field that the device can be used.
Modeling of the Thermal System

Nonlinear Elements of a Peltier Device
The thermal phenomena of the Peltier device consists of some elements such as metal and semiconductor. Figure 2 shows three kinds of thermal resistances involved in the device; a phonon boundary resistance, an electric boundary resistance, and mixed boundary resistance, respectively. In each resistance, heat is generated by applying current. These resistances are changed depending on the temperature of the device and the Peltier device has a nonlinear characteristic. Figure 3 shows the transition energy of the device (24) . From  Fig. 3 , heat conduction of electron and phonon is correspond with each other in the middle of the device. On the other hand, Peltier effect in the phonon side and Joule heat in the electron side is independently each other and these phenomena are occurred in the different way. Therefore, the heat phenomena in the Peltier device consists of some elements and it has a nonlinear characteristic. Here, T e and T ph stand for the temperature of electron and phonon in the Peltier device, respectively. Figure 4 shows the experimental results of temperature responses of the device in case of applying current 0.5 A. From Fig. 4 , temperature rises as the number of trial times increasing. It is because the Joule heat and heat flow between both sides of the device are generated and accumulated inside the device. Therefore, the nonlinearity has to be considered in the thermal model.
Definition of Disturbance Heat Flow
Most of studies use a Peltier device as a linear system; however, it has a nonlinear characteristics that an amount of the heat flow is changed depending on its temperature and its input current. The heat flow generated from a Peltier device includes heat from a Peltier effect, a Joule heat, and heat interference inside the device. The thermal system is modeled based on a thermal network method (28) (29) that a thermal behavior is expressed as a electric circuit. In this paper, the heat flow generated from a Peltier device is expressed as
where q, α, T a , I, R e , R p , T p , and T pb stand for heat flow, Seebeck coefficient, absolute temperature, current, electric resistance, thermal resistance of a Peltier device, temperature of the front and back side of Peltier device, respectively. Equation (1) shows a general model of the Peltier device. The first term of (1) means heat generated from a Peltier effect, the second term means a Joule heat, and the third term stands for heat interference inside the device, respectively. In general, heat flow is integral value of temperature. Therefore, the temperature of the device in the Laplace domain is described based on (1) as
From (2), it can be said that the thermal system has a nonlinear elements in the Laplace domain. It can also be confirmed from experimental results. From some preliminary experiments, the attainment temperature is increased in proportion to the amount of the current, and the responses are changed gradually because of a Joule heat and heat flow inside the device. Thus, the model are used in this paper. The thermal system based on a thermal network method is shown in Fig. 7 . Block diagram of the variable heat disturbance observer Fig. 5 . Here, a disturbance heat flow q dis is defined as
where superscript dis, Δ, and C stand for disturbance, modeling error, and thermal capacitance of Peltier device, respectively. In the conventional method, Joule heat and heat flow inside the Peltier device is included to the disturbance heat flow q dis , because the nonlinear elements of the device are not considered. This means that the modeling error becomes large depending on the temperature and current change. Therefore, the disturbance heat flow includes only modeling error in the proposed method.
Modeling Peltier Device Considering Nonlinear Characteristics
As mentioned previously, a Peltier device is treated as a linear system in many conventional studies. However, the thermal characteristics is changed depending on the temperature and current of a Peltier device. From (1), there are nonlinear elements such as Joule heat and heat flow inside the device. In the proposed method, the nonlinear elements are included in the model, shown as
where superscript ref and subscript n stand for the reference value and the nominal value, respectively. The model is made based on a general model shown in (1), and it is used for observer. The nonlinear model was verified by comparing to some experimental results by applying various currents. The response value of heat flow can be described as
where superscript res stands for the response value. The block diagram of a Peltier device is shown in Fig. 6 . As for Joule heat, the electric resistance R e is measured and the Joule heat can be calculated from R e and current input. As for heat flow inside the device, the thermal resistance R p is identified from some preliminary experiments, and temperature at both sides of the device is obtained from two thermocouples. From (4), the model of the device is changed nonlinearly depending on the temperature of the Peltier device T p and current input I ref .
In the next section, the control system is explained based on the thermal model.
Control system of a Peltier Device
Variable Heat Disturbance Observer
In the case of temperature control, there is a disturbance heat flow such as radiation of heat, Joule heat, external heat, etc. Therefore, such disturbance has to be rejected to conduct robust control. HDOB (5) is an observer which is derived by applying a disturbance observer (30) for the field of thermal control, and it estimates the disturbance heat flow by comparing a nominal input of heat flow with output of heat flow. It is able to estimate the disturbance heat flow by using the observer, however, response speed against disturbance becomes slow because of modeling error. In this paper, the model of a Peltier device is changed depending on its temperature and its reference value of a current to decrease the modeling error from the nonlinear thermal behavior. By using (4), the disturbance heat flow can be calculated aŝ
The observer proposed in this paper is defined as Variable Heat Disturbance Observer (VHDOB). The compensated current from VHDOB is calculated as
where superscript cmp denotes command value. The block diagram of the variable heat disturbance observer is shown in ref a and g d stand for current after compensation and cut-off frequency of a low-pass filter for VHDOB, respectively. In order to get temperature information at the both sides of a Peltier device, two thermocouples are used in the proposed method. By using this observer, robust temperature control can be conducted against the disturbance of heat flow. In the next section, whole control system of the proposed method is explained.
Whole Control System
The block diagram of the whole control system is shown in Fig. 8 . Temperature control is conducted using proportional controller and differential controller. Integral controller is not used because the observer used in the control system works in the same way with the controller. In order to reject the disturbance heat flow, VHDOB is used and the model of a Peltier device is changed according to temperature T p and reference value of the current I ref a . In the conventional HDOB, the nonlinear elements such as a Joule heat and heat flow inside the Peltier device are not considered. In the next section, some experiments are conducted to verify the proposed method. Figure 9 shows the experimental setup in this paper. The Peltier device that the side is 20 mm × 20 mm was attached on a heat sink. Two thermocouples were used for sensing both sides of the Peltier device, and attached to the center of the device using thermal conduction sheet. The Peltier device was controlled to −5.0 K (relative temperature). Two kinds of experiments were conducted to show that temperature responses of responsiveness and robustness against a disturbance. In the first experiments, the temperature responses of the proposed method were compared with a normal HDOB and a proportional controller.
Experiments
Experimental Setup
The second experiments were conducted in case of changing a proportional gain and a cut-off frequency of VHDOB. In the case of changing the cut-off frequency, human finger contacts to the Peltier device after 25 seconds. The values of parameter used for these experiments are shown in Table 1 . Here, the thermal capacitance of the Peltier device was derived from some identify tests. In the test, the thermal resistance is calculated from the theoretical value. The electric resistance is measured by using digital multi-meter. The thermal response is oscillatory because of the noise caused by the power supply. Therefore, the cut-off frequency is set to low value such as 1.0 rad/s. The time constants of temperature sensing can be improved by reducing noises from the thermal system especially an AD conversion circuit. The improvement of the system will be conducted in the future work. Figure 10 shows the results of temperature control of the Peltier device to −5 K (relative temperature) comparing to the case of using normal P controller, normal HDOB, and VHDOB. In case of normal proportional controller, there is a steady-state error caused by an ambient air and external heat flow. It is found that the thermal system receives large influence on an external disturbance. In comparison with the normal HDOB, time until the steady response of VHDOB was short. This is because a modeling error is reduced by considering the nonlinear element, such as a Joule heat and a heat flow inside the device. Figure 11 shows the temperature responses of the proposed method comparing varied proportional gain. From Fig. 11 , the response speed becomes fast as increasing the proportional gain. Figure 12 , the temperature responses with contact after 25 seconds comparing varied cut-off frequency of the observer. From Fig. 12 , response speed against a disturbance heat flow becomes fast as increasing the cut-off frequency. Therefore, it can be said that the VHDOB effectively works. By taking a nonlinear element of the thermal system into account to the model, a modeling error is reduced, and the control gain or cut-off frequency can be set higher comparing to the normal HDOB. From these experiments, robust temperature control can be conducted by using the proposed method. 
Experimental Results
Effect of Modeling Error
In this section, effect of modeling error is discussed. Main claim focuses on an effect of thermal resistance because it is the dominant factor of instability VHDOB. It is analyzed based on a Nyquist diagram using describing function technique. The variable observer is divided into a linear system and a nonlinear system, shown in Fig. 13 . Here, G denotes the low pass filter, expressed as 
where A stands for an amplitude of the input signal. The nonlinear elements are effected from the amplitude of the input, and the stability of the observer can be analyzed from the relationship between an amplitude locus of the nonlinear element and a frequency locus of the linear element. The relationship between P n and P is derived as
The relationship shown in (12) is expressed based on the Nyquist diagram, shown as Fig. 14 . Here, the modeling errors (R n = 0.2R, 0.02R) is considered. In the analysis, temperature difference between both sides of a Peltier device sets to 2.0. From Fig. 14 , it is found that modeling error of the thermal resistance of a Peltier device R p has great effect on the stability margin of the system. The range of the modeling errors shown in Fig. 14 is stable ; however, the observer becomes unstable in the case of including large modeling error of R p . Therefore, identification of the thermal resistance of a Peltier device is important to use the proposed observer effectively.
Conclusion
In this paper, the variable heat disturbance observer (VH-DOB) considering the nonlinear characteristics of the Peltier device is proposed. The nonlinear elements such as Joule heat and heat flow inside the device are considered in the thermal model used in the proposed method. From the proposed method, the robustness against disturbance can be improved by decreasing the modeling error. Some experiments were conducted to show that temperature responses of responsiveness and robustness against the disturbance. These experimental results showed the validity of the proposed method comparing to the normal proportional controller, normal HDOB. In addition, the stability analysis of the observer was conducted. From the analysis, the modeling error of the thermal resistance has a large effect on the stability of the proposed observer, and it is found that the identification of the thermal resistance is important to use the proposed observer effectively. This method is expected to extend a field that the device can be used.
